Rationale: BMP9 (bone morphogenetic protein 9) is a circulating endothelial quiescence factor with protective effects in pulmonary arterial hypertension (PAH). Loss-of-function mutations in BMP9, its receptors, and downstream effectors have been reported in heritable PAH.
The World Health Organization Classification defines group 1 pulmonary arterial hypertension (PAH) by a mean pulmonary artery pressure greater than or equal to 25 mm Hg, pulmonary vascular resistance greater than 3 Wood units, and pulmonary capillary wedge pressure less than or equal to 15 mm Hg, in the absence of left-sided heart disease, severe lung disease, or chronic thromboembolic disease (1) . Group 1 PAH includes patients with heritable PAH (HPAH); idiopathic PAH (IPAH); PAH associated with systemic conditions, including toxin or stimulant drug exposure (APAH-STIM) and connective tissue disease (APAH-CTD); and portopulmonary hypertension (PoPH) (2) . Most HPAH disease is attributed to heterozygous loss-offunction mutations in the BMP (bone morphogenetic protein) signaling pathway (3, 4) , including mutations affecting BMPR2 encoding the BMP type II receptor (5) , and ACVRL1 and ENG encoding the BMP9 receptor and coreceptor ALK1 (activin receptor-like kinase-1) and endoglin, respectively (6, 7) . Homozygous nonsense mutations in BMP9, encoding the cognate ligand itself, have been reported in a child with severe PAH (8) . Although the mutations implicated in HPAH are incompletely penetrant, they subtend a set of genes critical for the transduction of BMP9 by endothelial cells, supporting a pivotal contribution of this signaling axis to PAH.
The etiology of PoPH is poorly understood, and its mechanistic relationship to other etiologies of World Health Organization group I PAH is unknown. We previously reported that circulating levels of the soluble form of endoglin (sEng), an antagonist of BMP9, are a sensitive biomarker of PAH (9, 10) . We recently found that exogenous BMP9 attenuates pulmonary hypertension (PH), vascular remodeling, and right ventricular (RV) hypertrophy in several animal models of PH (11) , further implicating the BMP9/BMPR2/endoglin/ ALK1 signaling axis in PH. Because BMP9 is present in the circulation at biologically active levels (12) (13) (14) (15) , and is synthesized by the liver, we hypothesized that altered expression of BMP9 might serve as a sensitive mechanistic biomarker of PAH associated with liver disease. In two independent cohorts of patients with diverse etiologies of PAH, we found profoundly diminished circulating BMP9 among patients with PoPH, suggesting a role of impaired signaling. Similarly, diminished BMP9 levels were found in rodents with PH associated with portal hypertension and cirrhosis, but not in other animal models of PH. Importantly, administration of the BMP9 ligand trap ALK1-Fc exacerbated PH and pulmonary vascular remodeling in mice exposed to hypoxia, directly demonstrating a protective effect of endogenous BMP9. Diminished BMP9 thus seems to be a risk factor and sensitive biomarker of PoPH. The acquired deficiency of BMP9 signaling in PoPH may provide a mechanistic link to HPAH, and could represent a clinical screening opportunity for the diagnosis and management of PoPH in high-risk populations.
Methods
Detailed materials and methods are available in the online supplement.
Results
Serum BMP9 Induces SMAD1/5/8 Phosphorylation in Endothelial Cells
As previously described (11, 16) , recombinant mature BMP9 homodimeric protein activated BMP-responsive SMAD1/5/8 potently in endothelial cells, assayed by immunoblot, in-cell Western assay, and SMAD1/5/8 nuclear translocation assays ( Figure 1 ). BMP9-mediated activation of SMAD1 was dose-dependently inhibited by a potent ALK1/ALK2 kinase inhibitor, TRND-348345, or by the BMP9 ligand trap ALK1-Fc ( Figure 1A ). Exposure of cultured human pulmonary microvascular endothelial cells to pooled human serum (20%) also resulted in activation of SMAD1/5/8, which was inhibited to baseline levels by ALK1-Fc, but not BMP2/4 ligand trap ALK3-Fc ( Figure 1B) , suggesting that BMP9 is the predominant endothelial SMAD1/5/8-activating factor in the circulation. A phospho-SMAD1/5/8 nuclear translocation assay using cultured pulmonary microvascular endothelial cells (Figures 1C and 1D ; see Figures E1A and E1B in the online supplement) demonstrated potent activation of endothelial signaling by BMP9 (EC 50 z16 pg/ml) and pooled human serum (EC 50 z1.6%). BMP9-mediated activation of endothelial SMAD1/5/8 was abrogated by cotreatment with ALK1-Fc or a monoclonal anti-BMP9 (MAB3209, Figure 1E ). Serum-induced activation of endothelial SMAD1/5/8 was similarly inhibited by ALK1-Fc or anti-BMP9 ( Figure 1F ), accounting for 80-100% of activity, confirming that the principal endothelial SMAD1/5/8-activating factor in circulation is BMP9.
To detect BMP9 in plasma and serum, a sandwich ELISA with a sensitivity of approximately 1.6 pg/ml for recombinant mature BMP9 and no cross-reactivity for highly homologous BMP10 was used (see Figure E1C ). Specificity was confirmed by the observation that 100% of BMP9 could be neutralized by exogenous ALK1-Fc (see Figure E1D ) in a dose-dependent fashion (IC 50 z14 ng/ml), and similarly for BMP9 activity in normal human and mouse plasma (see Figure E1E ). To ascertain the protein species measured by this antibody pair, an immunoprecipitation reaction using the capture antibody (MAB3209) with pooled human serum was resolved by immunoblot using the detection antibody (BAF3209). Under reducing conditions, the predicted 12.5-kD BMP9 monomer was visualized with the immunoprecipitation of human serum with MAB3209 but not control IgG, consistent with the monomer from reduced recombinant mature human BMP9 (see Figure E1F ).
Circulating BMP9 Is Diminished in PoPH but Not Other Etiologies of Group 1 PAH Levels of circulating BMP9 were measured in distinct derivation and validation cohorts of group 1 PAH, as well as patients with group 2 and 3 PH, with baseline demographic and clinical data presented in Tables 1 and 2 . BMP9 levels in healthy individuals were comparable with previously reported average concentrations (17) . Within the derivation cohort (Figure 2A) , there was no significant difference in circulating BMP9 between healthy volunteers and patients with group 1 PAH (210 pg/ml [interquartile range, 190-246 pg/ml] vs. 217 pg/ml [155-297 pg/ml]; P . 0.05), group 2 PH (232 pg/ml [174-264 pg/ml]; P . 0.05 vs. control subjects), or group 3 PH (220 pg/ml [151-272 pg/ml]; P . 0.05 vs. control subjects). However, among the etiologies of group 1 PAH, plasma levels of circulating BMP9 were markedly diminished in patients with PoPH compared with control subjects (46 pg/ml [21-71 pg/ml]; P , 0.0001 vs. control subjects) ( Figure 2B ), whereas no difference was observed with other etiologies of PAH, including IPAH, APAH-CTD, or APAH-STIM. In the derivation cohort, BMP9 levels distinguished PoPH versus non-PoPH (control subjects, group 1 PAH, and group 2 and 3 PH), with a receiver operating characteristic (ROC) curve-area under the curve (AUC) of 0.999 6 0.002 (P , 0.001). At a cutoff of less than 132 pg/ml, BMP9 levels identified PoPH with 100% sensitivity, 96% specificity, 65% positive predictive value, and 100% negative predictive value. Similarly, in the validation cohort ( Figure 2C ), BMP9 levels did not Figure 2D ). In the validation cohort, BMP9 levels distinguished PoPH versus non-PoPH (control subjects and group 1 PAH) with a ROC-AUC of 0.827 6 0.054 (P , 0.001).
At a cutoff of less than 132 pg/ml, BMP9 levels identified PoPH with 76% sensitivity, 67% specificity, 43% positive predictive value, and 90% negative predictive value. To address relatively small numbers of patients with PoPH in each cohort, the derivation and validation cohorts were pooled and analyzed, revealing an aggregate ROC-AUC of 0.956 6 0.015 (P , 0.0001), with 86% sensitivity, 89% specificity, 51% positive predictive value, and 98% negative predictive value.
Patients with PoPH Exhibit Dysregulated BMP9-Endoglin Signaling
Endoglin functions as a BMP9 coreceptor on the cell membrane, whereas sEng functions as a BMP9 ligand trap in the circulation (12) . sEng dose-dependently inhibited BMP9 signaling activity in pulmonary microvascular endothelial cells with an IC 50 of approximately 250 ng/ml (see Figure E2A ). We confirmed as previously reported that serum levels of sEng are increased in the patients with group 1 PAH (9) as compared with control subjects (5.6 ng/ml [interquartile range, 4.5-7.0 ng/ml] vs. 4.0 ng/ml [3.4-4.9 ng/ml]; P , 0.0001) (see Figure E2B ). In contrast to BMP9, sEng was increased in IPAH (5.4 ng/ml [4.2-6.4]; n = 35; P = 0.0142 vs. control subjects), and yet more elevated in PoPH versus other etiologies (6.5 ng/ml [5.9-9.1 ng/ml], P , 0.0001 vs. control, P = 0.01 vs. IPAH, P = 0.036 vs. APAH-CTD, and P = 0.012 vs. APAH-STIM) (see Figure E2C ). Levels of sEng correlated minimally with levels of BMP9 (r = 20.11; 95% confidence interval [CI], 20.24 to 0.026; P = 0.11). Despite the greater levels of sEng seen in PoPH than other group I PAH, the ability of the BMP9/sEng ratio to distinguish PoPH from other group 1 PAH was not significantly different than BMP9 alone (AUC, 0.90 6 0.03; P , 0.0001) (see Figures E2D and E2E ).
BMP9 Levels Predict Transplant-Free Survival in Patients with Group 1 PAH
The 5-year transplant-free survival for patients with group 1 PAH, defined as survival without lung transplantation, was 73.5%. Among the hemodynamic and clinical parameters (Table 2) , univariate predictors of transplant-free survival included age, New York Heart Association (NYHA) functional class, 6-minute-walk distance, BNP (brain natriuretic peptide), and right atrial pressure measured by right heart catheterization (Table 3) . Importantly, BMP9 predicted transplant-free survival among patients with group 1 PAH with a Cox hazard ratio (HR) of 0.66 for every 50-pg/ml increase (95% CI, 0.54-0.81; P , 0.001) (Table 3) , and was an independent predictor of transplant-free survival among patients with PAH even after adjusting for age, BNP levels, NYHA functional class, 6-minute-walk distance, and right atrial pressure (Cox HR, 0.74 for every 50-pg/ml increase; 95% CI, 0.56-0.97; P = 0.03).
Kaplan-Meier survival analysis within this cohort of patients with PAH was performed with BMP9 levels dichotomized around the median value of 176 pg/ml ( Figure 3A) , revealing a 76% reduced hazard for death or transplant for patients with BMP9 greater than or equal to 176 pg/ml (Cox HR, 0.24; 95% CI, 0.12-0.47; P , 0.0001) compared with those with levels less than 176 pg/ml. The association of BMP9 with survival was not caused strictly by patients with PoPH, because this association was still significant among PAH excluding PoPH (Cox HR, 0.77 for every 50-pg/ml increase; 95% CI, 0.63-0.95; P = 0.013), and among PAH adjusting for PoPH (Cox HR, 0.76; 95% CI, 0.62-0.93; P = 0.007). In contrast to BMP9, sEng did not predict transplant-free survival (Cox HR, 1.08 for every 1-ng/ml increase; 95% CI, 0.95-1.24; P = 0.242) ( Table 3) . Among patients with group 1 PAH, BNP was elevated primarily in highly symptomatic disease (NYHA functional class III-IV) and correlated with increasing NYHA functional class (see Figure E3A ). As previously reported (9), sEng was elevated even in mildly symptomatic disease (NYHA functional class I-II) compared with healthy control subjects, but in contrast to BNP, neither sEng nor BMP9 correlated significantly with NYHA functional class (see Figures E3B and E3C ).
Diminished BMP9 Levels Sensitively Predict PoPH in Patients with Liver Disease
Circulating BMP9 was measured in 42 patients with liver disease of varying etiology and severity, without evidence of PAH based on negative screening echocardiograms and lack of clinical symptoms. Baseline demographic and clinical data for this patient population and 28 patients with PoPH are presented in Table 4 . BMP9 was significantly lower in patients with PoPH compared with patients with liver disease without evidence of PAH (63 pg/ml [interquartile range, 37-104 pg/ml] vs. 223 pg/ml [153-282 pg/ml]; P , 0.0001) ( Figure 3B ). In contrast to BMP9 there was no difference in sEng levels between PoPH and liver disease without PAH (6.5 ng/ml [5.9-9.1 ng/ml] vs. 6.2 ng/ml [5.4-8.8 ng/ml]; P . 0.05) ( Figure 3C ). In this population, BMP9 correlated positively with albumin (r = 0.69; P , 0.0001) and platelet count (r = 0.53; P , 0.0001), and negatively with total bilirubin (r = 20.71; P , 0.0001) and international normalized ratio (r = 20.72; P , 0.0001), but demonstrated no significant correlation with creatinine (P = 0.07) (see Figures  E4A-E4F ). In agreement, there was a strong negative correlation between BMP9 and the Model for End-Stage Liver Disease (MELD) score (r = 20.84; P , 0.0001) (see Figure E4E ), a composite measure of liver disease severity and prognosis. We tested the correlation of BMP9 levels with the degree of histologic liver fibrosis according to Ishak fibrosis stage, scored in liver biopsy samples available from 34 patients with liver disease without known PAH. There was a marginal negative correlation between BMP9 levels and the Ishak fibrosis score (r = 20.31; P = 0.07) (see Figure E5A ).
Because MELD scores were higher among PoPH than with liver disease without PAH ( Figure 3D ). Second, a multivariable logistic regression was performed comparing BMP9 with liver disease indices albumin, international normalized ratio, creatinine, platelet count, and MELD score as predictors of PoPH. When compared with each of these liver function indices individually or as a group, BMP9 was the only significant predictor of PoPH, with an odds ratio of 0.325 (per 50-pg/ml increase in BMP9 95% CI, 0.157-0.673; P = 0.002). Consistent with these results, ROC analysis of BMP9 as a discriminator of PoPH among all patients with liver disease yielded an AUC of 0.844 6 0.050 (P , 0.001), with BMP9 levels of less than 154 pg/ml exhibiting sensitivity of 96% and a specificity of 76% for PoPH ( Figure 3E ). Similarly, among liver disease with MELD less than or equal to 10, BMP9 levels less than 154 pg/ml were 88% sensitive and 94% specific for PoPH (AUC, 0.974 6 0.022; P , 0.0001) (see Figure E5B ). To test if the clinical association of PoPH and BMP9 deficiency could be replicated in an animal model, mice were induced to develop cirrhosis and portal hypertension after receiving CCl 4 for 16 or 20 weeks. As previously described (18) , splenomegaly, as evidence of portal hypertension, was documented by elevated spleen to body weight ratios in CCl 4 -treated mice compared with control animals (0.63 6 0.04 vs. 0.30 6 0.03; mean 6 SEM; P , 0.0001) ( Figure 4A ). The impact of cirrhosis on the pulmonary circulation was assessed by echocardiography and confirmed by right heart catheterization. At 16 weeks, CCl 4 -treated mice exhibited reduced pulmonary artery acceleration time (PAT) (11.9 6 0.3 ms vs. 19.3 6 0.8 ms in control animals; P , 0.0001) and PAT to pulmonary ejection time (PET) ratios (PAT/PET) (21.5 6 0.6 vs. 34.2 6 1.2 in control animals; P , 0.0001) ( Figure 4B ), similar to previous (18 Definition of abbreviations: BMP = bone morphogenetic protein; BNP = brain natriuretic peptide; NYHA = New York Heart Association; sEng = soluble endoglin; WU = Wood units. P = 0.0002) ( Figure 4C ). Consistent with mild PH, there was no difference in Fulton index between CCl 4 -treated and control mice ( Figure 4D) ; however, CCl 4 -treated mice exhibited significantly increased muscularization of small pulmonary arterioles (,50 mm) ( Figures 4E and 4F ). After 16 weeks of CCl 4 , circulating levels of BMP9 were decreased in CCl 4 -treated mice versus control animals (88.2 6 9.6 pg/ml vs. 162.9 6 12.3 pg/ml; P = 0.0003), and yet lower after 20 weeks of CCl 4 (49.5 6 2.3 pg/ml vs. 116.6 6 5.88; P , 0.0001 vs. control animals) ( Figure 4G ), comparable with the relative decreases in BMP9 levels in patients with PoPH versus healthy control subjects. Supporting the specificity of decreased BMP9 in PH associated with cirrhosis and portal hypertension, BMP9 levels were preserved in all other rodent models of PH examined, including mice and rats with severe PH induced by SU5416 and hypoxia, and rats with severe PH induced by monocrotaline ( Figure 4G ). Furthermore, BMP9 levels correlated inversely with RV systolic pressure measured by catheterization (r = 20.83; . BMP9 (bone morphogenetic protein 9) predicts transplant-free survival in patients with pulmonary arterial hypertension (PAH) and predicts the presence of portopulmonary hypertension (PoPH) in liver disease. (A) Cumulative survival without lung transplant in patients with group 1 PAH is depicted by Kaplan-Meier survival curves dichotomized about the median value for circulating BMP9 of 176 pg/ml. Patients with PAH with a BMP9 level >176 pg/ml (red line) exhibit a 76% reduced hazard for death or lung transplant (Cox hazard ratio, 0.240; 95% confidence interval, 0.123-0.468; P , 0.0001) compared with those with BMP9 ,176 pg/ml (black line). Transplant-free survival curves were compared using the log-rank test. (B) Circulating BMP9 was measured in 60 healthy control individuals, 42 patients with liver disease without known pulmonary vascular disease, and 28 patients with PoPH. BMP9 levels were substantially lower in PoPH compared with patients with liver disease without known PAH (Kruskal-Wallis test with Dunn multiple comparison). (C) Circulating soluble form of endoglin (sEng) was measured in plasma collected from 26 patients with PoPH and 39 patients with liver disease without a diagnosis of PAH. In contrast to BMP9, no significant difference was found in circulating sEng between PoPH and patients with liver disease without PAH. Data are expressed as median and interquartile range, and P values are indicated. NS = not significant (P . 0.05) (Kruskal-Wallis test with Dunn multiple comparison). (D) Among patients with less severe liver dysfunction defined by Model for End-Stage Liver Disease (MELD) scores <10, BMP9 was significantly lower in PoPH versus liver disease without PAH. There was no significant difference in BMP9 levels among patients with severe liver disease defined by MELD score .10. Data are expressed as median and interquartile range, and P values are indicated. NS = not significant (P . 0.05) (separate Mann-Whitney tests for MELD <10 and .10). (E) Receiver operating characteristic curve (ROC) analysis reveals that diminished circulating BMP9 is a highly sensitive and specific predictor of PoPH among all patients with known liver disease, using a cutoff BMP9 level of ,154 pg/mL (dashed blue lines); black line = no discrimination. AUC = area under the curve; dz = disease. P = 0.0005), and correlated with PAT (r = 0.60; P = 0.02, data not shown) and PAT/PET ratio (r = 0.66; P = 0.01) (see Figures E6A and E6B) , suggesting that the severity of PH may be related to the degree of BMP9 deficiency.
BMP9 Ligand Trap ALK1-Fc Potentiates Hypoxia-induced PH
To determine whether neutralizing circulating BMP9 could trigger or potentiate PH, we administered the BMP9 ligand trap, ALK1-Fc, to mice under normoxic or hypoxic conditions. Exogenous ALK1-Fc was previously shown to antagonize angiogenic activity and reduce tumor burden in a tumor xenograft model (19) . A single injection of ALK1-Fc (5 mg/kg i.p.) reduced plasma BMP9 levels at 3, 24, and 48 hours after injection (n = 4; P , 0.01) ( Figure 5A ), and reduced expression of BMP target genes Id1 and Id3 in whole lung tissues of ALK1-Fc versus vehicle-treated mice at 48 hours (n = 4; P , 0.05) (see Figure E7) . Administration of ALK1-Fc (5 mg/kg i.p. weekly for 3 wk) to adult mice under normoxic conditions did not lead to measurable PH or RV hypertrophy, but caused a nonsignificant decrease in PAT/PET ratio compared with normoxic control animals (P = 0.06) ( Figures   5B-5D ) without inducing a change in cardiac function measured by left ventricular ejection fraction ( Figure 5E ). Exposure to hypoxia (FI O 2 , 0.10) alone caused a typical moderate degree of PH, which was markedly worsened by ALK1-Fc (31.3 6 1.3mm Hg vs. 42.8 6 4.6 mm Hg; P = 0.04). ALK1-Fc did not exacerbate the RV hypertrophy associated with hypoxia alone (Figure 5C ), but markedly worsened the degree of pulmonary vascular remodeling based on increased muscularization of small arterioles (,50 mm diameter) (Figures 5F and 5G ; see Figure E8 ). In contrast, administration of sEng-Fc or ALK3-Fc neither induced or exacerbated PH in normoxic or hypoxiaexposed mice (see Figure E9) . Taken together, these data suggest that a highaffinity BMP9 ligand trap, such as ALK1-Fc, may exacerbate PH induced by exposure to hypoxia, whereas a relatively lower-affinity trap, such as sEng-Fc, or a BMP2/4 ligand trap, such as ALK3-Fc, do not exhibit this effect.
Discussion
The ligand BMP9, its cognate receptors BMPR2 and ALK1, and coreceptor endoglin represent a discrete signaling axis that directly targets the vascular endothelium (13), with potent antiapoptotic and homeostatic functions in the pulmonary vasculature (11, 15, 20) . Loss-of-function mutations in each of these signaling molecules have been previously associated with HPAH and PH overlap syndromes including hereditary hemorrhagic telangiectasia and juvenile polyposis syndromes (21, 22) . We investigated circulating levels of BMP9 and its secreted antagonist sEng as candidate biomarkers in PAH. Levels of circulating BMP9 were sufficiently high in healthy individuals (z200 pg/ml) in comparison with its measured EC 50 of 16 pg/ml in endothelial cells to elicit signaling, and accounted for 80-100% of the endothelial BMP signaling activity in human serum (Figure 1 ; see Figure E1 ). We found that BMP9 is a sensitive biomarker that segregates PoPH from other types of PAH, group 2 and 3 PH, and may represent a risk for PoPH that is not represented by standard indices of liver disease. Consistent with human disease, circulating BMP9 was depleted in rodents with PH caused by cirrhosis and portal hypertension, but remained intact in other rodent models of PH. Consistent with the idea that diminished BMP9 might be a risk factor or driver for PH, the potent BMP9 ligand trap ALK1-Fc did not trigger PH, but severely exacerbated PH and pulmonary vascular remodeling caused by hypoxia. Although sEng was higher in PoPH than IPAH or APAH-CTD, sEng did not discriminate between patients with liver disease without PAH versus PoPH (Figures 3B and 3C) . The modest ligand-trapping effect of sEng (see Figure E2A ) could potentially compound the effects of diminished circulating BMP9 and contribute to the pathogenesis of PoPH, yet an effect of sEng-Fc was not observed in hypoxic mice (see Figure E9 ). The role of BMP9 highlighted by the human genetics of PAH, its impact in experimental PH, and its characteristics as a potential biomarker of PoPH support the concept that acquired deficiency of BMP9 may link the pathogenesis of PoPH to heritable, syndromic forms of PAH.
The localization of BMP9 expression to hepatocytes, hepatic stellate cells, and/or biliary epithelial cells is consistent with its diminished expression in PoPH (20, 23) . Recently it was reported that in addition to BMP9 homodimers, BMP9/BMP10 heterodimers seem to exist in the circulation based on immunodetection, immune depletion, and genetic depletion methods, and may arise from coexpression of these ligands in hepatic stellate cells (24) .
Both BMP9 homodimer and BMP9/ BMP10 heterodimer would be detected by the assays of this study, and would be inhibited by ALK1-Fc or neutralizing antibody, making observations of this study attributed to BMP9 homodimer applicable to BMP9/BMP10 heterodimer. Direct biochemical assessments of the abundance and function of these species would be needed to discern their relative contributions to the pathophysiology of PoPH or PAH. We acknowledge limitations of the current study because of the size of the cohorts; the inclusion of incident and prevalent cases of PAH; and differences in the source populations and care settings for obtaining PAH, PoPH, liver disease, and control samples. We acknowledge the limitations of enriching this study with enrollment from two liver transplant screening programs with a higher prevalence of PoPH than the estimated 2-5% among patients with portal hypertension or 8.5% among those undergoing liver transplant (25) . We note also that a sizable fraction of patients with liver disease without known PAH had BMP9 levels less than the proposed cutoff of 154 pg/ml ( Figure 3B ), but whether or not these levels may predict risk for PoPH is not known. Prospective longitudinal studies evaluating the performance of BMP9 as a predictor of PoPH among at-risk patients with liver disease with a typical prevalence of disease is required to validate these concepts.
There remains an unmet need for biomarkers that can detect pulmonary vascular disease before the onset of severe symptoms and end-organ damage. Because PoPH carries a worse prognosis than other etiologies of PAH (26) , with a 5-year mortality of 55% without liver transplant (25) , earlier identification could facilitate medical or surgical treatment when it may still be effective or feasible. In a stratified analysis of patients with mild liver disease, BMP9 levels segregated patients with PoPH from those without PAH. In a multivariable logistic regression, BMP9 outperformed other liver disease indices in predicting PoPH among patients with liver disease, suggesting that BMP9 is more than a marker of liver disease itself. Accordingly, BMP9 did not correlate with Ishak liver fibrosis scores. BMP9 was predictive of transplant-free survival in patients with group 1 PAH, including or excluding patients with PoPH, yet was not correlated with NYHA functional class, right atrial pressure, or BNP (see Figure  E3C , and data not shown) among patients with PAH, suggesting that BMP9 predicts survival independent of RV function. Among the animal models of PH, BMP9 was diminished only in rodents with severe cirrhosis, but preserved in SU5416/hypoxia-treated mice and rats, and monocrotaline-treated rats despite the known hepatotoxicity of pyrrolizidine alkaloids (27) . Taken together, these results suggest that BMP9 levels are linked to PoPH via portal hypertension rather than liver injury or synthetic dysfunction alone.
The concept that BMP9 deficiency may contribute to PoPH is further supported by our previous work in which administration of exogenous BMP9 ameliorated PH caused by toxin exposure or loss of BMPR2 function (11) . Although potential hurdles may exist in the therapeutic use of BMP9, including the theoretical risk of heterotopic ossification (28) , other strategies to modulate BMP9 signaling could potentially be applied to PoPH or PAH. Conversely, neutralizing BMP9 with ALK1-Fc does not cause PH by itself, but potentiates hypoxia-induced PH in mice, suggesting that deficient BMP9 signaling may synergize with other pulmonary vascular insults present in end-stage liver disease, akin to unknown "second hits" required for the penetrance of HPAHcausing mutations. We speculate that the chronic high-flow, high-output state associated with portal hypertension and cirrhosis may interact with diminished BMP9 homeostatic activity to precipitate PoPH. We note beyond the potential endocrine impact of hepatic BMP9 on the pulmonary circulation that BMP9 has important autocrine and paracrine effects on hepatocyte growth and function, liver fibrosis, and remodeling (23, 29, 30) , functions that may impact the evolution of underlying liver disease and therapeutic efforts to modulate BMP9.
In summary, we have identified acquired loss of BMP9 as a potential risk factor for PoPH, possibly because of a loss of tonic protective signaling, and have developed a novel rodent model of severe PH and remodeling caused by acquired loss of BMP9 function. These findings highlight a previously unappreciated mechanistic link between nongenetic and genetic forms of PAH, and may provide clues as to the identity of other penetrance factors or environmental "hits" that synergize with diminished BMP signaling to cause PAH. n Author disclosures are available with the text of this article at www.atsjournals.org.
